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An apparatus is described for measuring the thermal conductivity and diffusivity on small 
specimens of solid materials; also the results are shown which have been obtained for re- 
fractive high-alumina concrete by such measurements. 

When pe r fo rming  m e a s u r e m e n t s  with this  appara tus ,  one appl ies  e i ther  the method of two p la tes  for  
de t e rmin ing  the t he rma l  conduct ivi ty  [1, 2] or  the method of the dynamic a - c a l o r h n e t e r  [3]. The f i r s t  
method is s ta t ic  and r e q u i r e s  3-4 h for  obtaining one value of t he r m a l  conduct ivi ty  at a given t e m p e r a t u r e .  
The second method is based  on the re la t ions  c h a r a c t e r i z i n g  a r e g u l a r  heat ing mode and y ie lds  the t h e rma l  
d i f fus iv i ty  over  the en t i re  100-500~ t e m p e r a t u r e  range in a s ingle  tes t .  

The t he rma l  conduct ivi ty  of t e s t  m a t e r i a l s  should not exceed 5 W/re .  ~ The spec imens  have the 
shape of d i sks  20 mm in d i a m e t e r  and 5-7 mm thick. The t he r m a l  conduct ivi ty  is measu red  over  the range 
f rom room t e m p e r a t u r e  to 800~ P rov i s ions  a re  made for  m e a s u r e m e n t s  in a i r ,  in an iner t  a tmosphere ,  
o r  in vacuum. 

The cons t ruc t ion  of this  appara tus  is shown s c h e m a t i c a l l y  in F ig .  1. Two ident ical  spec imens  5 of 
the t e s t  m a t e r i a l  a r e  p laced  on both s ides  of a f lat  e l e c t r i c  hea t e r  4 at the cen te r ,  a hea t e r  made of n i -  
ch rome  wi re ,  and a re  p r e s s e d  t ight ly between meta l  b locks  6 by means  of a sp r ing  10. Into b locks  6 a re  
bui l t  in end h e a t e r s  3 and w a t e r  c o o l e r s  9. On the guard cy l inde r  8 made of s t a in l e s s  s tee l  a re  p laced 
th ree  l a t e r a l  h e a t e r s  7. The space between cy l inde r  8 and housing 2 of the appa ra tus  is f i l led  with t h e r -  
mal  insula t ion (z i rconia) .  The inner  cavi ty  is  sea led  h e r m e t i c a l l y  through gaske ts  1. The thermocouple  
and hea t e r  leads  a r e  brought  out through a s l eeve  11 with double gaske t s .  The outer  t he rma l  insulat ion 
12 cons i s t s  of baked a sbes tos .  F o r  convenient  a s sembly ,  the appara tus  can be ro ta ted  about i ts hor izonta l  
axis  on the stand 13. 

T h e  t e m p e r a t u r e  f ie ld in the appara tus  is  m e a s u r e d  with eleven C h r o m e l - A l u m e l  t h e r m o c o u p l e s ,  
five of which a r e  ins ta l led  on the guard cy l inde r  8, two in the meta l  b locks  6, and four in the spec imens  
5. The the rmocoup les  a r e  made of 0.2 mm (diameter)  w i r e  pulled through twin c e r a m i c  s leeving  1.3 mm 
in d i a m e t e r .  F o r  the ins ta l la t ion  of  the the rmocoup les  in spec imens  one cuts g rooves  in the spec imen  
su r f aces  app rox ima te ly  1.5 mm deep and, a f te r  the the rmocoup les  have been embedded and the d is tance  
between the rmocouple  beads  has been measu red ,  these g rooves  are  f i l led with h i g h - t e m p e r a t u r e  pas te .  

The t h e r m a l  emf of the the rmocoup les  is  m e a s u r e d  with a model  PMS-48 o r  a model  R375 potent[o-  
me te r .  The cen t r a l  hea t e r  4 is suppl ied f rom a r ec t i f i ed  and s t ab i l i zed  voltage source~ its e l e c t r i c  power 
is  m e a s u r e d  with a c l a s s  0.2-0.5 wa t tme te r .  The end h e a t e r s  3 and the l a t e r a l  h e a t e r s  7 ope ra te  on a l t e r -  
nattng cu r ren t ;  the i r  power  is regu la ted  through l a b o r a t o r y  a u t o t r a n s f o r m e r s .  The act ive  space  in the ap-  
pa r a tu s  is c l e a r ed  of a i r  by means  of a model  RVN-20 vacuum pump and then fi l led with iner t  gas .  F o r  a 
m e a s u r e m e n t  of t h e r m a l  conduct iv i ty  the tes t  is p e r f o r m e d  with the powers  of the c e n t r a l  hea te r  4 and of 
the middle  l a t e r a l  hea t e r  7 matched so as to produce  a 20-40~ t e m p e r a t u r e  drop  a c r o s s  the spec imens ,  
while b r ing ing  the t e m p e r a t u r e  at each spec imen  sect ion c lose  to the t e m p e r a t u r e  at the opposi te  su r face  
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F ig .  1. Schemat ic  d i a g r a m  of tes t  ap-  
pa ra tus .  

of the guard cy l inde r  8. F o r  l o w - t e m p e r a t u r e  t e s t s  one turns 
on the wa te r  c o o l e r s  9, for  h i g h - t e m p e r a t u r e  t es t s  one turns  
on the end h e a t e r s  3. The two outer  l a t e r a l  he a t e r s  7 a re  
turned on when it is n e c e s s a r y  to level  the t e m p e r a t u r e  d i s -  
t r ibut ion tn the guard cy l inde r  8. After  s teady  s ta te  has been 
reached ,  when or/or < 0.2 ~ a l l  t he rmocoup les  and the 
w a t t m e t e r  of the cen t r a l  hea t e r  are  read.  The the rmal  con-  
duet ivi ty  is then ca lcu la ted  by the fo rmula  

F \ 6 1  ~ - ~ -  

The r e p e a t a b i l i t y  of t h e r m a l  eonduct iv[ ty m e a s u r e m e n t s  
depends e s s e n t i a l l y  on how p r e c i s e l y  ad iaba t ic  the condit ions 
a r e  at the l a t e r a l  su r f aces  of the spec imens  and how a c c u r a t e -  
ly the t e m p e r a t u r e  d rops  a c r o s s  the spec imens  are  measu red .  
Since the rmocoup les  mounted in the spec imens  often fall  out 
of adjus tment ,  they a re  c a l i b r a t e d  d i r e c t l y  in the appa ra tus .  
F o r  this  purpose  one r e q u i r e s  i s o t he r m a l  condi t ions ,  which 
p r e va i l  when the r ead ings  of c a l i b r a t e d  the rmocoup les  in b locks  
6 and in guard cy l inde r  8 a r e  the same.  This  is achieved by 
regula t ing  the end h e a t e r s  3 and the l a t e r a l  he a t e r s  7 with the 
cen t r a l  hea te r  4 turned off. 

in addition, the r e s u l t s  may become d i s to r t ed  by a non- 
uni form t he r m a l  r e s i s t a n c e  over  the contact  su r f ace s ,  in o r -  
der  to avoid this,  the end s u r f a c e s  of spec imens  must  have a 
fine f inish and the applted p r e s s u r e  must  not be l e s s  than 5 
kg/em 2. 

F o r  t h e r m a l  d i f fus ivi ty  m e a s u r e m e n t s  one uses  the same  
spec imens ,  but the c e n t r a l  hea te r  4 is now removed .  The end 
h e a t e r s  3 and the two outer  l a t e r a l  h e a t e r s  7 a r e  set  at a c e r -  
tain cons tant  power  level  so as to produce,  when nominal  

s teady s ta te  is  reached,  a maximum appa ra tus  t e m p e r a t u r e  2-3 t imes  higher  than the maximum m e a s u r e -  
ment t e m p e r a t u r e .  The m e a n - o v e r - t h e - h e i g h t  t e m p e r a t u r e  of spec imens  during heat ing should be equal to 
the mean t e m p e r a t u r e  at the opposi te  su r face  of guard cy l inde r  8. During the heatup one reads  all  t h e r -  
mocouples .  The t he rma l  dtffustvt ty  is then cMeulated by the fol lowing fo rmula :  

O[ (dl, "c) d~ 2 (cos vd 1 - -  cos vd2) 
a = (2) 

0~ EAt (;'d2)~ (cosvdl @ bsinvd 0 

The der iva t ion  of (2) is analogous to the der iva t ion  of the fo rmula  in [3]. When d 1 = 0 and d 2 = d, both ex-  
p r e s s i o n s  become  ident ica l .  

On the b a s i s  of the t heo re t i c a l  p r i nc ip l e s  of this  method, the t h e r m a l  dtf fusivi ty  can be de t e r mined  
over  a t e m p e r a t u r e  range within which spec imens  are  heat ing up exponent ia l ly  ( r egu la r  mode). This  s t ip -  
ulation l im i t s  the t e m p e r a t u r e  range of m e a s u r e m e n t s  f rom below (init ial  heat ing period)  as weII as f rom 
above (approach to s teady state) and, with thermocoupie  and h e a t e r  c h a r a c t e r i s t i c s  a lso  taken into account, 
the t e m p e r a t u r e  range  is thus cut to app rox ima te ly  100-500~ [n o r d e r  to yield r e l i ab l e  the rmal  d i f fus iv-  
i ty data,  the t he rma l  r e s i s t a n c e  of the contact  between spec imen  and block su r f aces  must  be tower than 
that  of the spec imens .  Otherwise ,  the t he rm a l  flux d i s t r ibu t ion  may become nonuniform over  the s p e c i -  
men sect ion or  the upper  and the lower spec imen wil l  heat  up ve ry  unequally.  

This  appara tus  has been proved out in m e a s u r e m e n t s  involving many engineer ing  m a t e r i a l s .  As an 
example ,  we p r e s e n t  he re  data  pe r t a in ing  to the t he r m a l  conduct ivi ty  and dtffustvt ty  of unbaked r e f r a c t i v e  
h igh -a lumina  conc re t e .  The composi t ion  of the m a t e r i a l  was:  80% AI20 a + 20~k h igh-a lumina  cement  (79% 
CaO- 2Al2Oa, 10% 2CaO. A12Oa, 1% MgO. Al2Oa, 9% Al2Oa). The g r a n u i o m e t r t e  content of the a lumina  was:  
5 0 % e o r u n d u m N o .  80 (800-1000 #), 3 0 % e o r u n d u m N o .  50 (500-630 #), and 20% corundum No. 10 (100- 
125 /~). The dens i ty  of spec imens  ranged f rom 2.80 to 2.85 kg/cm a. 
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Fig .  2. T h e r m a l  conduct iv i ty  of r e f r a c t i v e  h igh-a lumina  
conc re t e :  1) f i r s t  and second tes t  s e r i e s ;  2) f i r s t  and s e c -  
ond tes t  s e r i e s  by the method of one plate; 3) averag ing  
s t r a igh t  line; 4) da ta  f rom [4]. T h e r m a l  conduct ivi ty  X (W 
/ m .  ~ t e m p e r a t u r e  t (~ 

The t he rma l  conduct iv i ty  of this  r e f r a c t i v e  conc re t e  was m e a s u r e d  in a i r  at t e m p e r a t u r e s  va ry ing  up 
to 700~ The t he rma l  r e s i s t a n c e  of the contac t s  between spec imens  and b locks  was reduced by  means  of 
thin l a y e r s  of pas te  (alumina powder  d i s p e r s e d  in liquid glass)  on the end su r faces .  After  the f i r s t  s e r i e s  
of t es t s ,  the spec imens  we re  r emoved  f rom the appara tus  and then r e i n s t a l l e d  with d i f ferent  the rmocouples  
for  a second s e r i e s  of t e s t s .  The r e s u l t s  of these m e a s u r e m e n t s  are  shown in Fig .  2. They have been 
averaged  with a s t r a igh t  line accord ing  to the method of l eas t  squa res .  The r e l a t i ve  random e r r o r  of the 
t he rma l  conduct iv i ty  m e a s u r e m e n t  is  here  • at a 95% confidence level  [7]. This  e r r o r  is due to d i f f e r -  
ences in the ca l ib ra t i on  and the ins ta l la t ion  of the rmoeoup ies  in the spec imens ,  also due to devia t ions  f rom 
ad iaba t i c i ty  dur ing  t e s t s .  The sy s t ema t i c  e r r o r  of the t he r m a l  conduct ivi ty  m e a s u r e m e n t  is e s t ima ted  wi th-  
in 5-6%, based  on r e l a t i ve  in s t rumen t  i n a c c u r a c i e s :  Q(0.2-0.5%), F(2%), At(1-2%), and 5(1.5-2.0%). Thus,  
the total  e r r o r  of the t he rma l  conduct ivi ty  m e a s u r e m e n t  is  8-9%. The maximum deviat ion of tes t  points 
f rom the averag ing  line does  not exceed 9%. 

In F ig .  2 a re  also shown tes t  points obtained with the same spec imens  on another  appara tus  by the 
method of one plate .  By this method, too, two tes t  s e r i e s  were  p e r f o r m e d .  The data obtained by both 
methods on two d i f ferent  tes t  s tands  r e s p e c t i v e l y  a re  "in c lose  a g r e e m e n t  within the s c a t t e r  of tes t  points .  

The r e p e a t a b i l i t y  of r e s u l t s  in each of the four t es t  s e r i e s  ind ica tes  that heat ing r e f r a c t i v e  high-  
a lumina  conc re t e  to 600-700~ does not p roduce  any s igni f icant  s t r u c t u r a l  changes in the m a t e r i a l  as a r e -  
suit ,  for  ins tance,  of the r e m o v a l  of c r y s t a l l i z a t i o n  wa te r .  This  is  conf i rmed  by the da ta  in [4], where  the 
t h e r m a l  conduct ivi ty  of unbaked and baked (at 1200~ r e f r a c t i v e  h igh-a lumina  concre te  spec imens  was 
m e a s u r e d  by the method of r a d i a l  heat  flow. Up to about 800~ a c ons i de r a b l e  d i f fe rence  was obse rved  in 
[4] between the t he rma l  conduct ivi ty  of baked and unbaked m a t e r i a l ,  due to the p r e s e n c e  of c r y s t a l l i z a t i o n  
w a t e r  in the l a t t e r .  A c o m p a r i s o n  of our r e su l t s  with the data  on unbaked r e f r a c t i v e  h igh-a lumina  con- 
c r e t e  in [4] shows that the r e s p e c t i v e  tes t  va lues  ag ree  at t e m p e r a t u r e s  f rom 300 to 400~ but d i f fe r  by 
17-18% at the top t e m p e r a t u r e .  Such a d i s c r e p a n c y  is ,  apparen t ly ,  due to d i f f e rences  between t e s t  s p e c i -  
mens.  

The t h e r m a l  d i f fus iv i ty  of r e f r a c t i v e  c o n c r e t e  was m e a s u r e d  on the s ame  s p e c i m e n s .  In p r e l i m i n a r y t e s t s  
the hea t e r  powers  were  adjusted so as to heat  up the spec imens  and the guard cy l inder  8 at the same ra te .  
This  ensured  an only negl ig ib le  leakage  of heat through the l a t e r a l  spec imen  su r f ace s .  Two subsequent  
bas i c  t e s t s  y ie lded  data  n e c e s s a r y  for  the de te rmina t ion  of t he r m a l  dif fusivi ty .  In the f i r s t  of these  t e s t s  
the end h e a t e r s  3 we re  turned on to full power,  in the second tes t  they we re  turned down to an app rox i -  
ma te ly  30% power  level .  The heat ing r a t e  and the t e m p e r a t u r e  d rops  in the spec imens  were  ca lcu la ted  
f rom t h e r m o g r a m s  (Fig. 3). The range of va l id  m e a s u r e m e n t s ,  c o r r e s pond i ng  to a l i nea r  St/Or = f(t) r e -  
lation and an exponent ial  t = f(r) r e la t ion ,  was es t ab l i shed  on the b a s i s  of the t rend of the heat ing r a t e  v e r -  
sus t e m p e r a t u r e  curve .  In the f i r s t  t e s t  this  range was 150-450~ in the second t e s t  it  was 100-250~ 
Within these ranges ,  with smoothed out va lues  of Ot/Or and ZAt in Fig .  3, the values  of t he rma l  dif fusivi ty  
w e r e  ca lcu la ted  for  r e f r a c t i v e  h igh -a lumina  concre te  as shown in Fig .  4. The c o r r e c t i o n  f ac to r  (the third 
f ac to r  in Eq. (2)) was v e r y  c lose  to unity. 

The random e r r o r  of the t h e r m a l  d i f fus ivi ty  m e a s u r e m e n t  is app rox ima te ly  1% at a 95% confidence 
level .  The s y s t e m a t i c  e r r o r  due to ins t rument  i naccu racy  is e s t ima ted  at 5-7%. The total  e r r o r  is  6-8%. 

F r o m  these  values  of t h e r m a l  conduct iv i ty  and diffusivi ty ,  the t rue  spec i f ic  hea t  of r e f r a c t i v e  conc re t e  was 
e s t ima ted  acco rd ing  to c = ~/aT. Within the 150-450~ range it i n c r e a s e s  f rom 0.88 to 1.24 k J / k g "  ~ A 
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Fig. 3. Heating ra t e  and t e m p e r a t u r e  drop in spec imens ,  as functions of the t e m p e r a t u r e :  
1) (~t/O~')l, mV/min; 2) EAt, mV. T e m p e r a t u r e  t (mV). 

Fig.  4. The rm a l  diffusivity of r e f r a c t i v e  h igh-a lumina  concre te :  1) f i r s t  test; 2) second 
test; 3) averag ing  s t ra igh t  line. T h e r m a l  diffusivity a (m2/sec), t e m p e r a t u r e  t (~ 

compar i son  with the specif ic  heat  de te rmined  on the ba s i s  of data in [5, 6] for  r e f r ac t i ve  h igh-a lumina  con-  
c re t e  (chemical  composi t ion:  84% Al203 + 16% CaO. 2Al203) shows a mean di f ference  of approx imate ly  
4.2% and a m a x i m u m  di f ference  of 8.3% within that t e m p e r a t u r e  range.  

Q 
F 

Atl,2 
61, 52 

t 
3" 

d I = (diu + d1/)/2 

d 2 = (d2u + d21)/2 

dt(dl, ~')/d ~- 

~.At = At I + At 2 
m 

a 

V= ~m-/a, m -1 
b = l(Atu-At/)/Atul 

NOTATION 

is the thermal conductivity at the mean temperature of specimens, W/re. ~ 
is the power of the central heater, W; 
ts the cross section area of a specimen, m2; 
is the temperature drop across the specimens, ~ 
is the difference in heights between the thermocoup[e beads, center-to-center, in 
the first and in the second specimen respectively, m; 
is the temperature, ~ 
is the time coordinate, rain; 
is the mean distance between specimen contact plane and nearest thermocoup[e 
beads, for the upper and lower specimen, m; 
is the mean distance between specimen contact plane and farthest thermocoup[e 
beads, for the upper and lower specimen, m; 
is the rate of temperature rise at section d I of the specimen at time T, ~ 
is the sum of temperature drops in the specimens at time % ~ 
is the heating rate, h-i; 

is the thermal diffusivity of specimens, referred to their mean temperature, m2/h; 

is the heating nonuniformity factor. 

i, 

2. 
3. 
4. 

6. 
7. 
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